Varroa destructor is the most important ectoparasite of Apis mellifera. This review addresses the interactions between the varroa mite, its environment, and the honey bee host, mediated by an impressive number of cues and signals, including semiochemicals regulating crucial steps of the mite's life cycle. Although mechanical stimuli, temperature, and humidity play an important role, chemical communication is the most important channel. Kairomones are used at all stages of the mite's life cycle, and the exploitation of bees' brood pheromones is particularly significant given these compounds function as primer and releaser signals that regulate the social organization of the honey bee colony. V. destructor is a major problem for apiculture, and the search for novel control methods is an essential task for researchers. A detailed study of the ecological interactions of V. destructor is a prerequisite for creating strategies to sustainably manage the parasite. 
INTRODUCTION
Biological invasions are a common threat for modern agriculture, and apiculture is no exception, having suffered several of these events in its recent history. In fact, beekeeping faced a major crisis in the 1980s due to the invasive species Varroa destructor, and this ectoparasite is surely involved in the worrying decline experienced by managed bees for the past 10 years (65) .
The parasitic mite, initially named Varroa jacobsoni and currently known as V. destructor (3), was first reported outside its natural distribution area, Southeast Asia, in 1949, and thereafter it rapidly spread all over Europe, North America, South America, Africa, and the Asia Pacific region (73, 92) . In Asia the varroa mite shifted from its natural host Apis cerana to Apis mellifera during the first part of the twentieth century and then spread over the continent, reaching Europe in the 1970s (73). It is particularly difficult to precisely estimate the damage to the beekeeping industry caused by the varroa mite since its arrival in the Western world. However, the fact that varroosis is considered the major zoonosis in the context of honey bee pathology (102, 108) and the fact that apiculture and pollination are estimated to have an economic value worth billions of dollars worldwide (2, 36) roughly demonstrate the economic impact of varroa mite infestations on honey bee colonies.
V. destructor is an obligatory parasite, spending its entire life in the bee's nest either on immature stages or on adult bees (102, 108) . The strict synchronization between the mite's life cycle and that of its host and its ability to vector and activate pathogenic agents are important features of the natural history of this parasite that account for its central role in bee pathology. Since the extraordinary success of V. destructor adaptation to its new host, the study of the ecology of the mite and of host-parasite relationships is a subject worthy of attention both for its biological significance and for its important practical implications. Some reviews dedicated to V. destructor (102, 108) provide a good description of the complex biology and impact of the mite, and much research has been conducted on the mechanisms of mite parasitism. In this article we focus on the ecology of the parasite. First, we describe the current knowledge on the interactions between the mite and its environment, and then we concentrate on the interactions between the mite and the host A. mellifera, as well as other organisms that are involved (Figure 1) . We focus on different stimuli that mediate host-parasite interactions, including host location and choice, mite mimicry, and detection of the mite by the bees.
AUTOECOLOGY OF VARROA DESTRUCTOR
The varroa mite lives at a temperature corresponding to that of the honey bee nest, which is approximately 34-35
• C. Laboratory bioassays indicated that V. destructor shows a clear preference for temperatures of approximately 32
• C ± 2.9
• C (60) and that temperature preferences differ between winter and young summer mites (93) . The mite can discriminate differences in temperature as low as approximately 1
• C (59). V. destructor ostensibly experiences lower temperatures when it travels on forager bees outside the hive, as demonstrated by the many mites imported into noninfested honey bee colonies by foraging bees returning from robbing infested colonies (42) or drifting between adjacent colonies (41).
Temperature can also affect the mite's physiology. In an experiment carried out under laboratory conditions, mites reproduced at 34.5
• C whereas no offspring were observed at 31.5
• C (22); when sections of parasitized brood comb were reared at different temperatures, the highest reproductive rate was obtained between 32.5
• C and 33.4
• C (61). Hygrometric conditions also play an important role, with optimum humidity for reproduction ranging from 55% to 70% and only limited reproduction taking place at higher humidity (22, 56, 60 
Figure 1
The ectoparasitic mite Varroa destructor causes damage to the honey bee, Apis mellifera, and in turn suffers from the host's reactions. Environmental conditions influence this host-parasite interaction, in which other organisms are also involved. Abbreviation: DWV, deformed wing virus.
Anemotaxis:
behavioral response of an organism to an air flow with those found within the hive, although temperatures in the brood nest can vary from 30.5 • C to 35.5
• C (8, 103) and humidity is more variable than is usually acknowledged (45). The response to single clean-air puffs (57) indicates a positive anemotaxis by the mite, which is also attracted by electric charges that may be involved in attraction to adult bees (23). The effect of light and vibration on V. destructor has also been studied (50), although it is not clear how illumination and mechanical stimuli affect either the biology or the behavior of the parasite.
SYNECOLOGY OF VARROA DESTRUCTOR

Interactions of the Mite with the Honey Bee
When describing the relationship between the mite and its host, it is useful to refer to the biological life cycle of the parasite (102, 108) . The life cycle involves two distinct stages: The phoretic phase is spent on the adult bee and the reproductive phase is spent inside a bee brood cell (Figure 2) . The invasion of the brood cell, which represents the beginning of the reproductive phase, occurs some hours before a cell containing a bee larva is sealed. Within the brood cell, the mite feeds on the bee's hemolymph and lays its eggs on the surface of the cell wall. The female mite entering the cell normally lays eggs that produce at first one male and then a few females. The offspring mate with each other so that when the newly enclosed adult bee exits the cell, both the invading 
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Figure 2
The life cycle of Varroa destructor involves phoretic periods on adult bees and reproductive periods in brood cells. Several chemicals mediate nearly every step of this cycle.
female and the mature fertilized female mite offspring leave the cell. They then transfer onto an adult bee, where they spend the phoretic phase, before entering a brood cell to reproduce again. Male mites cannot survive outside the cell, and die. Female mites can go through two or three cycles over the course of their life span.
The reproductive phase. The reproductive phase includes cell invasion by the mite, feeding on the honey bee immatures, chemical mimicry to escape recognition by the worker bees, oviposition, and mating. Stimuli that involve mutual interactions between the mite and the honey bee and between mites themselves are involved in each of these steps (see the sidebar, The Use of Honey Bee Pheromone by the Varroa Mite).
THE USE OF HONEY BEE PHEROMONE BY THE VARROA MITE
The honey bee uses a variety of pheromonal compounds that function as complex releaser and primer signals, and the mite uses some of these same compounds to find its target for feeding and reproducing. This highly adaptive strategy allows the mite to optimize its search, as the honey bee pheromone should not evolve rapidly. The mite also uses ethyl oleate as a mating signal. The molecule is also produced by bee larvae and adults and has primer and releaser effects within the colony. Altogether these studies collectively demonstrate that the invasion of the brood cell by the mite is a complex mechanism involving several attractive and arrestant compounds coming from both the bee larva and the brood cell together with repellent chemicals from royal jelly. The identification of several compounds as well as the demonstration of the activity of some of them under natural conditions represents a promising step toward novel control methods based on behavioral manipulation of the parasite. However, to our knowledge few such efforts have been undertaken. The fatty acid esters were tested for mite trapping in the field, but only a small proportion of the parasites infesting the colony could be trapped with this method (Y. Le Conte, personal observations); other preliminary field trials with semiochemicals from larval food did not yield very promising results (F. Nazzi, personal observations). In general, the peculiar characteristics of the bees' nest (e.g., high temperature, lipophilic composition of combs), as well as the fact that the invasion process depends partly on the honey bee, make the attempt to disrupt cell invasion using semiochemicals a challenging task for researchers.
Chemical mimicry. The ability of honey bees to recognize their nestmates is a basic feature that enhances survival (18), allowing them to prevent the robbing of their colony's provisions by bees from other hives. This is especially important during the fall, when there is a shortage of food. Under such conditions, a colony unable to prevent robbing will likely lose its honey storage and will not survive the winter. Honey bees have evolved an efficient nestmate recognition strategy in which they recognize and learn specific proportions of CHs that chemically signal nestmates from nonnestmates (9, 14, 66). In this variable chemical environment it is vital and particularly adaptive for the mite to be able to mimic the chemical signature of the host colony so that it avoids the recognition and subsequent grooming and destruction by the host. Several studies based on CH profile analysis of the mite have shown that the mite can indeed mimic CHs of bees from its own honey bee colony (49, 81) and that it can modify its mimicry according to the developmental stage of the host (70).
Feeding. After entering the cell, the mite crawls between the larva and the cell wall and reaches the bottom of the cell, where it remains trapped in the larval food (47). Compounds released from larval food, particularly 2-hydroxyhexanoic acid, likely play a role in this process (89, 90) . When larval food is consumed, the mite begins to feed on the bee larva. The activities carried out by the mother mite and her offspring within the cell seem to be rigidly organized with regard to time and space (28). Some C 17 -C 22 aliphatic alcohols and C 19 -C 22 aldehydes from the cocoon spun by the bee larva inside the brood cell induce arrestment behavior in V. destructor (29) and may affect the spatial allocation of the mites in the cell.
During the host's pupal stage, feeding takes place on a site prepared by the mother mite. To suck the hemolymph from the bee, the mother mite pierces a hole through the host's cuticle (27). The same feeding site is used by the offspring, but there is no information about the cues involved in this feeding choice. Large colonies of bacteria were found in wounds on worker and drone pupae; some bacteria were Melissococcus pluton but elongate bacteria remained unidentified (48). The feeding activity of the mite has profound implications for the honey bee because of both the direct damage caused by the parasite consuming the bee's hemolymph and the indirect effects related to other parasites vectored through feeding.
Several authors have studied the effects of Varroa feeding on the honey bee (102); however, given the frequent concurrent presence of viruses with Varroa, such effects could well be related to the combined action of the parasite and the pathogens than to the mite alone. In fact, honey bees can be infected by as many as 20 viruses, some of which are associated with V. destructor (20), including deformed wing virus (DWV), which is a major cause of widespread colony losses (25). At least in the case of DWV, the mite acts as a mechanical vector but it also amplifies the virus, which can replicate within the parasite (39), although the possible effects of DWV replication on the mite's fitness have not been investigated in detail. Moreover, V. destructor can trigger viral replication in the bee and can therefore be considered a facilitator of the viral pathogen. Initially, this ability was attributed to immunosuppression caused by the mite (115); however, later studies did not confirm this hypothesis and an alternative hypothesis based on the exploitation of a common immune currency was advanced (84, 91) . Indeed, repeated feeding through the wound inflicted on the bee at the beginning of the pupal stage (27) activates clotting and melanization, which are under the control of a transcription factor that is also involved in the antiviral response (84) . However, other options have been proposed, including the possible interaction between the mite and a viral strain of higher virulence (105) . DWV can influence honey bee immunity; this in turn could affect the response of the honey bee to mites' feeding, with important consequences for the trophic activity of the parasite and consequently for its fitness (84) .
Several authors (5, 13, 113, 114) have reported reduced weight of newly eclosed adult bees, a reduction in protein content in the hemolymph, and a drastic reduction in longevity in infested bees. Furthermore, various effects of Varroa parasitism on the CHs of adult bees were noted (5, 74, 107). Challenging the immune system of bees with lipopolysaccharides or nonliving immune stimulants can change the CH profile of the bees, which can lead to modified and aggressive conspecific contacts (96, 97) . Bees infected with DWV showing altered CH profiles can also be ejected from healthy hives (7). In contrast, McDonnell et al. (74) confirmed that the mite can alter the CH profile of the adult bees but did not observe any differential interaction between infested bees and other bees. Both the mechanisms and the factors responsible for this effect need to be clarified within the context of the intricate interactions between virus, mite, and the host's immune system (84) .
Annoscia et al. (5) linked the alteration of the bee's CHs to increased water transpiration through the cuticle, in turn causing the reduction in weight observed by many authors. Possible effects on the adult honey bee endocrine system could be likely in view of the hypothesis that infested bees transition prematurely to the foraging stage (100), whereas little is known about the proximate causes that alter the behavior of infested bees noted both within the hive (4) and outside the nest during foraging (52) .
Transcriptomic studies conducted after the sequencing of the honey bee genome revealed a complex picture involving several effects associated with a number of genes when the bee pupae are parasitized by the mite (82) . The results show that mite parasitism induces downregulation of genes related to immune system and embryonic development, which could lead to adult deformities and cognitive impairment (82) .
Oviposition. Approximately 60 h after the brood cell is sealed, the mite lays the first egg on the cell wall. Then, at 30-h intervals, up to six more eggs are laid (46, 71). However, oviposition does not always occur and the percentage of reproducing mites varies according to the species and subspecies of the host and the sex of the larva. In A. cerana, reproduction rarely takes place on worker brood and seems to be restricted to drone brood (51). By contrast, 80% and 95% of mites can oviposit on A. mellifera worker and drone brood, respectively (102) . Indeed, reduced reproduction on worker brood seems to be the most important factor allowing A. cerana to tolerate mite infestation (95) . Successful oviposition on worker brood varies also between different subspecies of A. mellifera. For example, on Africanized honey bees from South America, less than 50% of female mites lay any eggs (101); few differences between European subspecies have been reported as well, although within subspecies variability can be quite high (68, 102). Nevertheless, it should be noted that reproduction of the mite depends not only on the percentage of reproducing females but also on the number of offspring that reach maturity before the emergence of the parasitized bee as well as the mortality of the mite offspring (78, 80) ; both factors play an important role and should be carefully considered.
Stimuli inducing Varroa reproduction have been extensively studied for their potential practical value. Several hypotheses have been proposed that involve primer effects of bee hormones and kairomones. Initially, a signal triggering reproduction was proposed to co-occur with a transient increase in the concentration of the bee's juvenile hormone soon after cell sealing, but this hypothesis was later disregarded after more detailed analyses proved otherwise (104) .
Two (112) Approximately 18 and 36 h after worker and drone brood cells are capped, respectively, the bee produces a stop signal (32). This signal has not been identified, but Garrido & Rosenkranz (37) have demonstrated that pupal volatile compounds can inhibit the onset of oviposition by mites and could therefore be involved. Moreover, the number of eggs laid by a fertile female during each reproductive cycle can be variable but tends to be proportionally smaller when more mites enter the same cell to reproduce (35). A laboratory study revealed that such a reduction was induced by chemical compounds released inside the infested cell (87); later, Nazzi et al. (88) identified the unsaturated hydrocarbon (Z)-8-heptadecene to be at least partly responsible for this effect. The biological activity of this compound was also confirmed under natural conditions (77) . Interestingly, 100 ng of (Z)-8-heptadecene also reduces the invasion of brood cells (77) , suggesting parsimonious use of this semiochemical by the mite.
Mating. Approximately 6 days after oviposition, mite offspring become adults (1, 46, 71). Mating between the male, which emerges from the first egg laid, and the females, which emerge subsequently, takes place within the sealed brood cell, at the fecal accumulation site (where the mites aggregate in the cell and defecate) (27). Compounds produced by newly emerged females trigger mating attempts by the male (116); three fatty acids (i.e., oleic acid, palmitic acid, and stearic acid) and the respective ethyl esters are the main pheromonal components inducing similar mating and copulation behavior by the male (117). These chemicals are also produced by bee larvae in relevant amounts within the brood cells and function as both primer and releaser signals. Further research is needed to determine other possible pheromonal components and to assess the ability of the mite to biosynthesize these compounds.
The phoretic phase. Upon emergence of the adult bee from the brood cell, the mother mite and the mature offspring leave the cell with the bee and move onto a nurse bee (59) . The time spent on adult bees by the mite is variable and depends on the amount of brood, the strength of the colony, and other factors; in experiments conducted in the Netherlands, the time required for half of the mites introduced into a colony to invade a cell ranged from 2 to 8 days (12). During this time, mites are frequently found hiding between the abdominal sternites of the bee in a position that is difficult for other bees to reach. How the mite locates this position is unknown, but both mechanical chemical and thermal cues are probably used. Radioactive tracer studies documented that mites can feed on adult bees during this phase, although the relevancy of these meals for both mite and bee is not clear (24).
During the phoretic phase, mites prefer nurse bees to forager bees; this preference is related in part to the chemical signature of the forager bees (26, 55). The unsaturated hydrocarbon (Z)-8-heptadecene, found in higher amounts on the cuticle of pollen foragers, has a repellent effect on the mite and is involved in host selection (26). Preference for nurse bees to forager bees seems to be influenced by the infestation level of the colony, with possible consequences for the horizontal transfer of mites between colonies (19). Mites may exploit the differences in the cuticular composition of the possible hosts for a refined selection that optimizes the search for a brood cell. In fact, by choosing a nurse bee, which can later take it to a brood cell, the parasite increases its reproductive success; further, this behavior reduces the risks related to the outside activities of forager bees, which are dangerous for the bee and the mite.
By contrast, the transfer of mites from forager bees robbing an infested colony to foragers from another colony, contributing to the horizontal transmission of the parasite between colonies, has to be a common phenomenon in view of the high number of mites imported into noninfested colonies during periods of nectar shortage (42). Kraus (53) hypothesized that compounds from the sting apparatus, which contaminate bees stung to death during fights that occur during robbing, are responsible for this host shift, although the dosages used in those bioassays were rather unrealistic. Future studies are needed to clearly identify the chemicals involved in this process.
Reactions of the Honey Bee to the Parasite
Behavioral defenses against phoretic and reproducing mites have been documented. In particular, workers of the Eastern honey bee, A. cerana, can detach the mite from the body of a nestmate (i.e., grooming) calling for help by means of a special dance (94, 95) . To display this behavior, the bee must first recognize the mite, possibly by mite-derived chemical signals. Martin et al. (69) used solid-phase microextraction techniques to study the volatiles emitted by the mite and identified a blend of compounds that induces a specific response from the worker bee antennae, particularly methyl and ethyl oleate, which are both pheromones of the bees and components of the mite sex pheromone (66, 117) .
Reproducing female mites can be damaged while reproduction is systematically interrupted when nurse bees displaying Varroa-sensitive hygiene behavior empty Varroa-infested brood cells (43, 44). Such behavior, conferring a certain degree of tolerance to bees, involves recognition of infested cells and is based primarily on olfactory cues emanating from such cells. The semiochemicals involved in this process have been studied (69), and Nazzi et al. (85) showed that bees can use short-chain unsaturated hydrocarbons, including the alkene Z-(6)-pentadecene, for this purpose. In general, the chemicals triggering hygienic behavior are likely released by the infested bees rather than by the mite itself, as previous studies have demonstrated a remarkable similarity between the CHs of the varroa mite and the honey bee (49, 70), which is expected from a parasite infesting a social insect. Such chemical mimicry can be the result of the passive acquisition of the bees' cuticular lipids during infestation (49).
In any case, the elucidation of the stimuli triggering hygienic behavior is certainly a field of research worthy of considerable effort in view of the potential for the selection of bee strains exhibiting higher tolerance to the parasite, as this solution may be one of the most sustainable strategies for long-term management of the mite. Along this line, gene expression analysis of the antennae of worker bees selected for Varroa-sensitive hygiene behavior revealed that the molecular mechanisms acting at that level play a key role in the expression of this behavior (79) . Moreover, a similar transcriptomic approach applied to a comparison of bees from resistant lines (64) showed overexpression of genes related to olfaction and responsiveness to stimuli (82) . These findings demonstrate the importance of chemical communication between bees upon recognition of the mite.
CONCLUSIONS
This review addresses the interactions between the varroa mite, its environment, and the honey bee host. An impressive number of cues involved in this network of relationships are used by the mite and the bees to achieve optimum fitness. Clearly, the mite uses such cues to adapt its activity to the environment and the host and thus must be equipped with different kinds of sensors. Although mechanical stimuli as well as temperature and humidity parameters play an important role, chemical communication is by far the most important channel. A plethora of kairomones are used at all stages of the mite's life cycle, but the exploitation of brood pheromones is particularly significant given these compounds function as primer and releaser signals that regulate the social organization of the honey bee colony (66) and given the implications for the possible arms race between the host and the parasite. The complexity of chemical communication between bees, which includes context dependency, not uniqueness of the response (58, 109) , is also fundamental to the communication between the varroa mite and the honey bee.
Many years after its arrival in the Western world, V. destructor still represents a major problem for apiculture, and the search for novel alternative control methods is therefore an essential task for researchers. In this respect, detailed studies of the ecological interactions of the parasite are urgently needed to unravel essential aspects that are still poorly understood. Such studies may lead to promising strategies to sustainably manage this parasite. Methods to disrupt the mite's ability to sense the bee (30) are an example of future research. Whether acaricides used in mite control, as well as viruses found in the honey bee colonies, can interfere with the chemical communication between honey bees and between varroa mites and honey bees is an interesting issue to solve. Many pheromonal and kairomonal compounds are involved in the chemical ecology of the varroa mite and the honey bee, demonstrating that Varroa and its honey bee host are one of the best-known models to date in chemical ecology. In this regard, research should be continued as a case study.
SUMMARY POINTS
1. The varroa mite uses different types of cues, including physical and environmental signals from the colony, to parasitize the honey bee. 
